Purpose The purpose of the study was to define quantitative measures of intra-tumor heterogeneity in breast cancer based on histopathology data gathered from multiple samples on individual patients and determine their association with distant recurrence-free survival (DRFS). Methods We collected data from 971 invasive breast cancers, from 1st January 2000 to 23rd March 2014, that underwent repeat tumor sampling at our institution. We defined and calculated 31 measures of intra-tumor heterogeneity including ER, PR, and HER2 immunohistochemistry (IHC), proliferation, EGFR IHC, grade, and histology. For each heterogeneity measure, Cox proportional hazards models were used to determine whether patients with heterogeneous disease had different distant recurrence-free survival (DRFS) than those with homogeneous disease. Results The presence of heterogeneity in ER percentage staining was prognostic of reduced DRFS with a hazard ratio of 4.26 (95% CI 2.22-8.18, p < 0.00002). It remained significant after controlling for the ER status itself (p < 0.00062) and for patients that had chemotherapy (p < 0.00032). Most of the heterogeneity measures did not show any association with DRFS despite the considerable sample size. Conclusions Intra-tumor heterogeneity of ER receptor status may be a predictor of patient DRFS. Histopathologic data from multiple tissue samples may offer a view of tumor heterogeneity and assess recurrence risk.
Introduction
Tumor heterogeneity between patients (inter-tumor heterogeneity) in breast cancer has been described both in terms of the clinical behavior and in terms of tumor pathology/ genomics [1] [2] [3] [4] [5] . Based on histopathologic characteristics and gene expression profiles, breast tumors can be classified 1 3 into multiple categories. Prior studies have demonstrated that tumors with distinct pathologic characteristics show unique clinical behavior and should be treated differently. Specifically, receptor status (ER, PR, HER2) of breast tumor cells is an important and established measure used in therapeutic decision-making [6, 7] as the receptors are both targets for treatment as well as prognostic indicators [8] [9] [10] [11] [12] [13] .
More recent studies show that in addition to the intertumor heterogeneity, breast cancers can demonstrate important genetic and phenotypic differences within a tumor itself, a phenomenon referred to as intra-tumor heterogeneity [14] [15] [16] . This heterogeneity can manifest as morphologic and biochemical variation. Tumor heterogeneity likely arises from a combination of intrinsic cellular differences (including genetic and epigenetic changes), as well as variation in the microenvironment. This variation in tumor phenotype provides the basis for tumor evolution, with implications for critical biologic processes, including disease progression and resistance to therapy.
Intra-tumor heterogeneity in breast cancer remains relatively unexplored (compared to inter-tumor heterogeneity), partially due to the challenges in quantitatively characterizing and measuring heterogeneity. Previous studies have showed that histopathologic samples of different sites of the tumor may produce varying characteristics [17] [18] [19] [20] . In other studies [11, 21, 22] , investigators have proposed measures to quantify HER2 heterogeneity to assess regional and genetic HER2 heterogeneity, or cell level and tumor level HER2 heterogeneity. Heterogeneity in intra-tumoral ER/PR/EGFR immunohistochemistry (IHC) expression has also been analyzed [23] [24] [25] . Specifically, these three studies focused on different aspects of heterogeneity as follows: (a) cell populations having different distributions of ER, PR and cytokeratin 5 in a single tumor and a sub-population of cells (ER,−/PR,−/CK5+) were identified for additional treatment [23] ; (b) the distribution of ER status in different regions of the breast cancer [24] ; and (c) prognosis of distant metastasis using tumor heterogeneity of ER patterns in contralateral breast cancer [25] .
Because of intra-tumoral heterogeneity, a single sample of a tumor may not be sufficient to provide a complete characterization of genetic, epigenetic, and/or phenotypic changes of the whole tumor [1] . For example, in a newly diagnosed breast cancer, biomarker analysis (immunohistochemistry) is based on a single small sample of what is frequently a much larger tumor. As breast biomarker studies play a key role in determining the treatment course, heterogeneity in these factors can complicate therapeutic decision making [26] . A recent study [27] recommends implementation of intra-tumor heterogeneity measures of breast biomarkers to guide treatment-related decision making.
Additionally, the degree of genetic variation may be even greater than the degree of heterogeneity in protein expression. Despite having similar receptor expression, multifocal breast cancers have been shown to exhibit genomic heterogeneity [28] . Genomic intra-tumor heterogeneity has strong clinical implications [29] and its presence in breast cancer is suspected to be associated with development of treatment resistance. In addition to these, imaging markers of intra-tumor heterogeneity are beginning to emerge [30] .
These studies demonstrate that a variety of approaches have been taken to measure or detect the presence of intratumor heterogeneity and analyze its effects. It is important to further explore ways to measure intra-tumor heterogeneity and subsequently analyze which measurements are associated with clinical outcomes. In this study, we address both of these issues in the context of standard clinical pathology reports. The first objective of this study was to develop quantitative measures of tumor heterogeneity using components of the IHC data from multiple breast tumor samples. Though this approach has been studied earlier [25] , our study is broader as it utilizes numerous different IHC components and has a expansive patient population as the aforementioned study was restricted to patients with contralateral breast cancer. Moreover, our second objective was assessing the association between the proposed heterogeneity measures and patient outcomes, here defined as DRFS. A recent study [27] reports that histologic data from different samples provide an increased view of breast tumor biology. Despite this, its subsequent usage in the clinical setting for diagnosis, prognosis, and therapy has not gained much momentum. We performed a comprehensive analysis using heterogeneity based on IHC data and took into account the effect of three different therapies (chemotherapy, endocrine therapy, and anti-HER2 therapy) in our analysis. Throughout the study, we have used different abbreviations and they are listed in Table 1 . 
Materials and methods

Patient population
In this retrospective, Institutional Review Board-approved study, we identified 971 patients with invasive breast cancer and pathology data sufficient to assess at least one measure of heterogeneity. The detailed selection criteria are shown in Fig. 1 , which shows that patients were excluded for unavailability of pertinent data and for not satisfying some clinical conditions. Regarding surgery based exclusion, we excluded patients for the initial cohort (1166 patients) with prior nondefinitive breast surgery before MRI (having mammoplasty or lumpectomy, but excluding implants) and definitive breast surgery before MRI. We followed REporting recommendations for tumor MARKer (REMARK) [31] prognostic study criteria for this study.
Data from pathology samples
For each patient, we retrieved data based on all available pathology and biomarker reports. We found that the patients in our cohort had up to six pathology samples available. 
Outcomes and therapy data
The outcome of interest in this study was distant recurrence. The time to last distant recurrence-free follow-up was collected from the patient's medical records until 3rd May 2016 as per study protocol. For two patients among the cohort of 971, the date of distant recurrence and days to last followup before recurrence were not available. These two patients were excluded from the statistical analysis. We also collected data from medical records on whether the patient received each of the following therapies: chemotherapy, endocrine therapy, and anti-HER2/neu therapy. These were recorded and analyzed as binary variables.
Statistical analysis
To determine whether each measure of heterogeneity was associated with DRFS, we used a univariate Cox proportional hazards regression model for each variable and recorded the significance of each of the associations. We used p < 0.0016 as the significance level based on the number of comparisons tested for our primary hypothesis (0.05/31 features). To compute the regression model, we turned each of the measures of heterogeneity into a binary variable to indicate the presence or absence of intra-tumor heterogeneity in the patient for each given feature. We used the hazard ratio (HR) to determine whether each of the measures of heterogeneity was associated with DRFS. In order to do so, we binarized all of the measures to classify the tumors as homogeneous or heterogeneous according to each of the measures. For continuous measures of heterogeneity, the median value of the measure was used as the cut-off for intra-tumor heterogeneity. All patients having values greater than the median were deemed the heterogeneous group, and otherwise they were considered homogeneous. For the ternary feature, values greater than 1 represented the heterogeneous group. The heterogeneity measures that were originally binary by definition did not change in the hazard ratio analysis. We also analyzed pairwise correlation for all binarized features. The available sample size for each distinct measure was variable, as each requires information from different types of pathology records.
In an additional exploratory analysis, we conducted the same analysis for the following subgroups of patients: (1) those that received chemotherapy, (2) those that received endocrine therapy, and (3) those that received anti HER2/ neu therapy. This allowed us to control for the therapy regimen and tumor phenotype. Finally, for each variable, we determined whether heterogeneity in a given marker is prognostic of DRFS independently of the status of the marker itself (details can be found in Part B of the Supplementary Material).
Results
The overall demographic and clinicopathologic characteristics of our patient population are shown in Table 2 . This table also presents the therapy-wise (chemotherapy, endocrine therapy, and anti-HER2/neu therapy-wise) demographic and clinicopathologic characteristics.
The distribution of the clinicopathologic characteristics for each heterogeneity measure and specifically within the heterogeneous and homogeneous subgroups of each measure are shown in Supplementary Material (eFigs. 1-31 in Part C) provided with this paper. Please note that size of the usable cohort for each measure varies significantly and also changes when a specific therapy is considered. Please also note that the size of cohort obtained for measures calculated from continuous marker values (e.g., ER percentage staining) and corresponding binary marker values may be different due to a varying level of detail in a pathology report. At times, the value of one binary variable was established but not the continuous variable (e.g., "positive"). Please refer to the Supplementary Material (eTable 1, column 'Definition') for additional details.
The correlations between measures after binarizing them are presented in Fig. 2 . Figure 2 shows the correlation between a pair of heterogeneity measures (after binarization, when required). As expected, we found that measures computed using the same type of information (e.g., same marker status related, grade related) are more correlated with each other than with other variable groups. The binary and continuous features from ER Allred scores are correlated with the rest of the features of ER IHC. A similar observation is made from PR IHC. For HER2 IHC, we observe two distinct groups that are more correlated among themselves. In the first group, the features from HER2 percentage staining, HER2 score, and ACIS are present. In the second group, features from FISH ratio, FISH SD, and MDBS cont. Avg copy of neu gene are present. The features from Ki67 are correlated with each other. Also, features from EGFR IHC have a high correlation within the group. The MDBS cont. combined score from grade feature, which quantifies the maximum cumulative difference in tubule formation score, nuclear pleomorphism score, and mitotic rate score, is highly correlated with rest of the features from grade but is less correlated with all other features. MDBS cont. ER Allred score and FISH ratio from first sample greater than 2.2 have high correlations with features from other types as well. The correlations of the features within same and different IHC groups are shown in Table 3 , which also summarizes the findings from Fig. 2 . This also shows that heterogeneity measures from different IHC-related groups complement each other more compared to the measures from the same group. As different clinical markers of IHC play significant roles in the management of the disease [33, 34] , the complementary information in the heterogeneity of the marker may contain significant information for the management of the disease. Figure 3 shows the prognostic value (HR) of predicting DRFS for each of the heterogeneity measures. This is demonstrated for the entire sample available for each feature as well as for patients that received specific types of therapy. Out of 31 features, 7 features were found for the available population such that the HR values did not overlap with 1. For chemotherapy and endocrine therapy, 5 such features were found. As seen in the figure, the measure MDBS binary ER percent staining, which captures the heterogeneity in terms of discordance between binarized ER percentage staining values, showed a high HR of 4.26 (95% CI 2.22-8.18) for distant recurrence of cancer. This measure is a strongly significant predictor of recurrence with p value less than 0.00002. This measure of heterogeneity remained significant after controlling for chemotherapy (p < 0.00032) with an HR of 3.38 (95% CI 1.74-6.54). Controlling for endocrine therapy resulted in an HR of 4.12 (95% CI 1.25-13.65) and p value of 0.0203. There were no events/distant recurrences recorded in the heterogeneous subset when controlled for anti-HER2 therapy for this measure. The Kaplan-Meier plots for these tests are shown in Fig. 4 . As shown in this figure, for available population, chemotherapy, and endocrine therapy more patients in heterogeneous groups have a distant recurrence compared to the homogeneous groups. In the anti-HER2 patients, no recurrence was found in heterogeneous groups resulting in 95% confidence interval for HR between 0 and infinity for the measure MDBS binary ER percent staining. Two more measures showed significant prognostic capability when controlled for endocrine therapy. The first of these is MDBS binary ER Allred score, which captures the presence of discordance in the binarized ER Allred scores between samples. It showed an HR of 5.96 (95% CI 2.08-17.08) with p value of 0.000891. The second statistically significant measure is MDBS binary PR percent staining, which computes tumor heterogeneity from binarized PR percentage staining values. It was significant with an HR of 3.57 (95% CI 1.63-7.86) and a p value of 0.00152. The Kaplan-Meier plots for each measure of heterogeneity can be found in Supplementary material (eFigs. 32-62 in Part D).
For all available population, the measure MDBS binary ER percent staining remained a significant predictor (p < 0.00062) of DRFS when controlled for ER status with HR of 3.43 (95% CI 1.69-6.94). Among the measures from PR IHC, MDBS binary PR percent staining remained a significant predictor (p < 0.0012) of DRFS after controlling for PR status with HR of 2.86 (95% CI 1.51-5.39).
Discussion
In this study, we have defined and computed 31 different measures to quantify breast tumor heterogeneity based on commonly collected pathologic and molecular parameters. The investigation was based on the concept that greater heterogeneity may promote tumor growth and resistance to targeted therapy. 
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The proposed measures of heterogeneity are diverse in source as they are gathered from pathologic evaluation and common tumor markers through immunohistochemistry and FISH. They are also diverse in their range and type of value. Continuous and ternary variables quantify the degree of heterogeneity, while binary measures provide a direct indication of breast tumor heterogeneity. From the correlation plot in Fig. 2 and Table 3 , we find that measures computed using the same type of information (for example: ER IHC-based measures) are more correlated. Measures obtained using different types of histologic data have unique information to offer.
Using one measure of heterogeneity at a time, we divided the patient cohort into two groups: heterogeneous and homogeneous. Then we analyzed if the heterogeneous group of patients have an increased rate of distant recurrence. The measure showing discordance between binarized ER percentage staining of multiple samples demonstrated a very strong association with a higher risk of distant metastasis. This was the case for the entire available population and the population treated with chemotherapy. Two other binary measures computed using ER and PR IHC data showed promising prognostic capability. The fact that more binary measures showed promising prognostic ability than continuous measures indicates that binarization with a proper threshold is an important factor in detecting heterogeneity associated with a higher risk of recurrence. There are variations in terms of thresholds/cut-off values for the determination of receptor status in the literature [35] . Choosing a specific threshold for a given binary measure is critical because Fig. 4 Hazard ratio for the entire available population and subsets of patients that received specific therapies using maximum difference of binarized ER percentage staining between samples as the measure of heterogeneity this defines heterogeneous versus homogeneous tumor and can affect treatment decisions. Based on the strong performance of binarized measures computed using percentage staining of ER, PR, and EGFR, we can conclude that the threshold used in our study is a good choice for determining the risk of distant recurrence in our cohort.
We found two binary measures of heterogeneity to be significantly prognostic of DRFS after controlling for ER and PR status: ER percentage staining and PR percentage staining. This shows that heterogeneity in ER and PR percentage staining can be prognostic of DRFS, independent of the marker status itself.
Three continuous measures showed promising performance in separating the available population into high-risk and low-risk groups. These measures are based on the difference between the continuous PR Allred score, the difference between the continuous EGFR scores and the maximum difference in mitotic scores of tumor grade between samples. In our analysis, thresholding of the continuous values was driven by the median value of the measure from the available cohort. While the continuous measures quantify the degree of heterogeneity for the particular IHC characteristic, thresholding in this particular manner did not prove to be effective for other continuous measures. Alternate ways of establishing a meaningful threshold should be explored in future.
None of the measures demonstrated statistically significant prognostic value when analyzed within the anti-HER2/neu therapy cohort. As demonstrated by the clinicopathologic characteristics in the supplementary material (eFigs. 1-31 in Part A), the patient population and number of recurrences are significantly smaller for this therapy, which renders the inconclusive tests for this therapy group.
Our study had some limitations. The study was performed at one institution. The data gathered spans over 14 years, which allows for some variability in the analysis of pathology slides. The study is retrospective in nature. However, the population represents variation in age, race, tumor staging, menopausal status, and in the presence of multifocal/ multicentric tumors. We were also able to control for different therapies received. Our study is restricted to patients having a pre-operative MRI. Thus, patients at higher risk may be slightly overrepresented in the study. The rate of distant recurrences was 8.75% for our patient cohort with a median follow-up time of 4 years. However, the higher risk population is of particular interest in this context. Our results show that the actual proportion of metastasis among higher risk patients can be further determined by analyzing tumor heterogeneity using multiple samples and therefore it contributes to a better precision. For the majority of patients, staining was done at the same institution. Hence, the data are less affected by institutional bias.
Importantly, we did not account for the interobserver variability/technique-induced variability which could be a potential source of heterogeneity between samples. Therefore, the true differences in tumor genomics can be confounded by these two factors. However, a review of the prior literature [36, 37] shows that heterogeneity found in our study is notably higher than found in the studies related to observer variability. Therefore, a minor part of the variability comes from the interobserver/technique-induced variability and the majority of the differences are from inter-sample variability. For example, in our study, 8.78% of average discordance between a pair of samples for the patients was observed using positivity/negativity for ER percentage staining which is greater than the discordance (< 5%) seen between the observers in the study by Reisenbichler et al. [37] . Moreover, using ER Allred score, a difference of more than 1 point in 20.62% percent of the cases was found, whereas Reisenbichler et al. found that occurring in less than 10% of their cases. Overall in our study, the strong effect of the heterogeneity in binarized ER percentage staining values from different samples persisted when controlled for chemotherapy and the receptor status itself.
In conclusion, we proposed detailed definitions of intratumor heterogeneity given multiple standard of care pathology samples and determined which measures might be associated with poor DRFS. Future studies could validate these measures at other institutions as well as explore their applicability for predicting DRFS in other cohorts.
